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1
STEAM GENERATOR

BACKGROUND OF THE INVENTION

This invention relates to the generation of steam and,
more particularly. to steam generation utilizing direct con-
tact between a heat source and water.

Steam is used in a myriad of applications and would be
used in many more if a better method of producing it were
available. Currently used steam generation apparatus is
expensive and bulky. The high cost and large size of boilers.
or steam generators, is due in part to use of heat transter
surfaces separating the source of heat from the water which

must be heated and vaporized. Elimination of heat transfer
surfaces, such as finned tubes. will increase heat transfer
efficiency in addition to reducing cost and bulk. In the
present invention, water is provided directly to the heat

source; the heat does not pass through a metal barrier. Also.
the present invention does not use a water reservoir to which
a flame is applied. further reducing heat loss, cost and bulk.
In addition the invention eliminates problems of nucleate
boiling and stagnation. that is, existence of areas within a
system where there is little flow of heat, water, and steam.

Safety is a major consideration in generation of steam.
Catastrophic rupture of steam pressure vessels has caused

much loss of life and property. Constructing and maintaining
safe steam generation apparatus is costly. Steam boilers

which produce steam at 15 psig and above, which includes
virtually all boilers except household heating botlers. must

be operated by licensed boiler technicians. A steam genera-
tor of the present invention enchances safety because it does
not have large surfaces which are subjected to steam pres-
sure. It is comprised of small tubular structures which may
be inexpensively fabricated with thick walls.

There are many advantages to the use of steam in vehicle
propulsion. Despite these advantages. steam is not currently
used for this purpose, due to safety concerns, high cost of the

generation apparatus, and size and weight of the apparatus.
A steam generator of the present invention solves these

problems. Another major advantage of this invention is that
objectionable emissions are expected to be virtually non-
existent. The contribution to atmospheric pollution of inter-
nal combustion engines in vehicles is significant. Herculean

efforts have been made to reduce vehicle emissions and huge
sums of money are still being spent to design low emission
propulsion systems. The products of the present invention
will be water, nitrogen, and carbon dioxide and only small
amounts of carbon monoxide, hydrocarbons, and nitrogen
oxides will be emitted. In order to power a vehicle, the steam
may be applied to steam turbines, to reciprocating steam
engines comprised of one or more cylinders and pistons, or
to other types of expanders.

The invention will be useful for pressurization of oil and
gas wells to enhance recovery. The steam generator may be
placed down the well to generate steam at the point where
it is needed. Such down-hole pressurization will avoid
cooling of steam as it flows thousands of feet down a well.

There are numerous other usecs for the compact and
inexpensive stcam genecrators of this invention, including
food processing. electrical power generation, other station-
ary power applications, process and building heating, and
agricultural applications such as plowing and destroying
weeds. Most processes which require heat can utilize heat
provided by steam. This invention provides a route to greater
use of steam., since it can now be generated less expensively
and in less space, as compared the prior art.

SUMMARY OF THE INVENTION

This invention is a method and apparatus for generating
steam in which water is fed directly into a combustion zone
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which is configured in such a manner that it is difficult for
the water to by-pass the zone. A steam generator may be
comprised of three conduits arranged coaxially with one
another which carry fuel. oxygen. and feed water to a
fuel-oxygen mixing zone and a combustion zone.
Alternatively, a generator may be comprised of two concen-
tric conduits which carry water and a mixture comprised of
fuel and oxygen to a combustion zone. Steam flows out of
a generator through a restriction at one end of the outermost
conduit. In one embodiment, the combustion zone extends
into a housing which communicates with and is attached to
the outermost conduit. The invention provides very high

thermal efficiency and very low atmospheric emissions.

An object of this invention is to provide a steam generator
which is more compact in size than prior generators having
the same steam capacity.

Another object is to provide a method of generating steam
which produces relatively small amounts or none of the
atmospheric pollutants carbon monoxide, nitrogen oxides
and hydrocarbons.

A further object of this invention is to provide a steam
generator which may be inexpensively constructed with
thick walls, thus providing a high degree of safety in regard
to a steam explosion.

Another object is to provide a generator which is capable
of responding quickly to changes in steam demand. or load.

Another object is to provide a generator which can be
fabricated and maintained at relatively low cost.

A further object is to provide a method of generating
steam having a high thermal efficiency.

In one embodiment, the present invention is a method of
generating steam comprising mixing fuel and oxygen in a
mixing zone to form a mixture and flowing said mixture into
a combustion zone; combusting the mixture in said com-
bustion zone to form a heat source; flowing water into the
combustion zone and limiting water flow rate to a value less
than that which will quench combustion of the mixture;
controlling the quantity of mixture flowing into the com-
bustion zone at a value which is required to produce at least
sufficient heat to vaporize substantially all water flowing
into the combustion zone; and configuring the combustion
zone so that substantially all water flowing into it is exposed
to said heat source for a time sufficient for vaporization of
the water to take place.

In another embodiment, the present invention is apparatus
for generation of steam comprised of a feed tube having a
fluid entry port at a first end and having a second end; a feed
conduit having a fluid entry port at a first end and having a
diameter greater than the diameter of said feed tube, where
said feed conduit is disposed concentrically with the feed
tube to form an annular feed space; a mixing zone weir
having an inlet port and having an inlet end attached to and
communicating with a second end of the feed conduit; a
mixing zone located within the feed conduit which commu-
nicates with the feed tube at a second end of the feed tube,
with said annular feed space. and with said mixing zone weir
inlet port; a water conduit having a water entry port at a first
end and having a diameter greater than the diameter of the
feed conduit, where said water conduit is disposed concen-
trically with the feed conduit to form an annular water space;
a combustion zone weir having an inlet end attached to and
communicating with a second end of the water conduit; a
combustion zone which is comprised of space between the
mixing zone weir and said combustion zone weir, where said
combustion zone is in communication with said mixing
zone:; a water distribution zone which communicates with
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said annular water space and is bounded by the mixing zone
weir, the combustion zone weir, the water conduit, and the
combustion zone, such that water which flows into said
water distribution zone from said annular water space flows
into the combustion zone; and ignition means for establish-
ing combustion in the combustion zone.

In still another embodiment, the invention is apparatus for
generation of steam comprised of a mixture feed conduit
having a fluid entry port at a first end, a mixture weir having
an inlet end attached to and communicating with a second
end of said mixture feed conduit; a water feed conduit
having a water entry port at a first end and having a diameter
greater than the diameter of the mixture feed conduit. where
said water conduit is disposed concentrically with the mix-
ture feed conduit to fornm an annular water space. a com-
bustion zone weir having an inlet end attached to and
communicating with a second end of the water conduit; a
combustion zone which is comprised of space between the
mixture weir and said combustion zone weir, where said
combustion zone is in communication with said mixture
feed conduit; a water distribution zone which communicates
with said annular water space and is bounded by the mixture
zone weir. the combustion zone weir, the water conduit. and
the combustion zone. such that water which flows into said
water distribution zone from said annular water space flows
into the combustion zone; and ignition means for establish-
ing combustion in the combustion zone.

BRIEF SUMMARY OF THE DRAWINGS

FIG. 1 depicts an embodiment of the invention in vertical
section in a schematic manner. It is not to scale.

FIG. 2 depicts a control system, in a functional manner.
which may be used in practicing the present invention.

FIG. 3 schematically depicts a dry gas mixer and a steam
generator which receives a fuel/air mixture from the dry gas
Mmixer.

FIG. 4 depicts three steam generators arranged to provide
steam to a common steam chamber.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to FIG. 1, a feed stream enters feed tube §
through fluid entry port 17, as depicted by arrow 2. Venturi
14 is attached to an end of feed tube 5 so that fluid from feed
tube 3 flows into the inlet end of venturi 14 through venturi
inlet port 25. Another feed stream enters feed conduit 4
through fluid entry port 18, as depicted by arrow 1. Fluid
conduit 4 is disposed concentrically with feed tube § such
that annular feed space 28 is formed between the outside
wall of the feed tube and the inside wall of the feed conduit.
Feed conduit 4 has a bend or elbow with an opening through
which passes feed tube 5. In a similar manner, feed conduit
4 passes into water conduit 6 through an opening in a bend
or elbow portion of the water conduit. A water stream enters
water conduit 6 through water entry port 19, as depicted by
arrow 3.

The inlet end of mixing zone weir 8 is attached to an end
of feed conduit 4 such that fluid flowing in the feed conduit
passes through inlet port 21 of mixing zone weir 8. In a
similar manner, combustion zone weir 10 is attached to an
end of water conduit 6. Secondary weir housing 27 is
disposed concentrically with and attached to water conduit
6 and has secondary weir 13 disposed within it. Secondary
weir 13 is concentric with combustion weir 1{ and down-
stream of it.
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Fuel. such as propane. flows through feed tube S and
venturi 14 into mixing zone 15. Combustion air flowing in
feed conduit 4 passes through annular feed space 28 and
enters mixing zone 15. A zone of low pressure is created
about outlet port 26 of the venturi by means of the fuel
flowing through the converging and diverging sections of the

venturi. This low pressure zone induces air flow into the
mixing zone and promotes mixing of air and fuel. The
air/fuel mixture flows from the mixing zone into combustion
zone 23 and is ignited by spark igniter 7. Combustion zone
23 occupies a space between mixing zone weir 8 and
combustion zone weir 10 and extends through outlet port 22
of the combustion zone weir. The combustion zone rnay
extend through outlet port 20 of the mixing zone weir, as
depicted in FIG. 1. The boundary of the combustion zone 1s
depicted as indicated by reference number 9. However, as
stated below, depiction of such boundary is not intended to

limit the location of the combustion zone,

Water distribution zone 17 is defined by combustion zone
weir 10, mixing zone weir 8. a portion of the interior wall of
water conduit 6, and combustion zone 23. Water entering the
water conduit through water entry port 19 flows through
annular water space 29 and into water distribution zone 17.
The steam generator is configured in such a manner that
water introduced into the water conduit must flow into the
combustion zone, where it is vaporized into steam.

It may be desirable to provide means for preventing
backflow of fluids, for example, flow of fuel into the air
supply conduit. This may be accomplished by means such as
sensors, controllers, and final control elements or check
valves. For example, in FIG. 1. ball check means comprised
of plate 42 containing orifice 40 and ball 41 is shown in feed
tube 55. In the event of backflow, or flow reversal. ball 41
will seat on plate 42, thereby stopping flow. Means for
retaining ball 41 is not shown.

In FIG. 1. combustion zone 23 is depicted as extending
through outlet port 24 of secondary weir 13. Additional
secondary weirs (not shown) disposed in a similar manner to
secondary weir 13 may be added to the secondary weir
housing. The purposes of one or more secondary weirs
include inducing turbulence in the combustion zone in order
to promote vaporization. Secondary weirs may be used to
ensure that no liquid water escapes into steam chamber 16
and to provide additional combustion zone volume. The
combustion zone weirs and secondary weirs confine or
restrict the flames to the space where mixing of heat and
water take place. Use of a number of weirs facilitates
operation at variable firing rates. Incondensable gases and
steam pass into steam chamber 16. Means for venting
incondensable gases is depicted by reference number 11 and
connected to the steam chamber by conduit 12. Means for
removing liguid water which accumulates in the steam
chamber is depicted by reference number 31 and connected
to the steam chamber by conduit 30. Design and location of
means for venting gases and draining water must be accom-
plished upon reference to the specific application of the
steam generator and the configuration of the steam chamber.
Such means are well-known to those skilled in the art.

The control system shown in FIG. 2 may be used in
generating steam in the apparatus of this invention. The
components shown may be conventional single purpose
instruments. such as proportional band/reset/rate controllers,
or they may be considered to depict functions which may be
implemented with more sophisticated equipment. such as a
computer which is programmed to monitor process condi-
tion input signals and execute appropriate control algo-
rithms. There are numerous control schemes known to those
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skilled in the art which may be used. The final control
elements used will depend on the nature of the feed streams

and the purpose for which the steam generator is used. For
example, the function of control valve §9 may be performed
by a simple damper., operated manually, or by an actuator
linked to a controller. or may be accomplished by system
design. in that a venturi may be used to induce air flow to the
combustion zone. The dashed lines of FIG. 2 represent

control signals.

Fuel and air are supplied to mixing zone 55 by means of
conduits 51 (fuel) and 69 (air) . Flow transmitter 53 provides
a control signal representative of fuel flow to fuel flow
controller 54, which adjusts fuel control valve S2 in order to
vary fuel flow rate. In a similar manner, air flow rate is
transmitted by flow transmitter 60 to air fiow controller 58,
which varies air flow rate by varying the position of air
control valve §9. A signal representing fuel flow rate is also
provided to air/fuel ratio controller 70, which adjusts the
set-point of air flow controller 58 so that a desired air/fuel
quantity ratio is maintained.

Line 67 depicts the flow of air/fuel mixture into combus-
tion zone 56. Water is supplied to the combustion zone by
means of conduit 71. Water flow rate is adjusted by water
control valve 61 in response to a control signal supplied by
flow controller 62, which receives a water flow rate signal
from water flow transmitter 63. The pressure of steam
leaving the combustion zone in conduit 68 is provided to
stearn pressure controller 64 by pressure transmitter 65.
Steamn pressure controller 64 provides a control signal which
adjusts the set-point of water flow controller 62 in order to
increase or decrease water flow to the combustion zone in
order to maintain a pre-determined steam pressure in conduit
68. A steam pressure signal is supplied to ratio controller 66.
which generates a signal which adjusts the set-point of fuel
flow controller 54. In this manner, sufficient fuel is supplied
to vaporize the water supplied to the combustion zone. The
rate of flow of fuel is supplied to limit controller 57, which
provides a control signal to water flow controller 62 for the
purpose of limiting water flow rate to a value less than a flow
rate which would stop. or quench. combustion of the mixture
in the combustion chamber.

It is a key feature of the invention that water to be
vaporized is brought to the flame as it is needed to satisfy the
demand for steam. A reservoir of water to which heat is
added is not required. This permits stcam output to be
increased rapidly by increasing flow of water, fuel, and air.
It is expected that full output of a generator will be obtained
less than one minute after a cold start, that is, after low of
fuel, air, and water are started. Another key feature of the
invention is the configuration of the apparatus such that
water must pass through the combustion zone in order to exit
from it. Still another key feature is the restriction at about the
downstream end of the combustion zone which confines the
flame and steam.

FIG. 3 depicts a steam generator 112 in which gaseous
fuel and air are mixed in dry gas mixer 104 and supplied to
fluid entry port 117 of mixture feed conduit 109. Air enters
conduit 105 as shown by arrow 103 and flows into mixing
chamber, or zone, 113. The amount of air which flows into
chamber 113 is adjusted by air throttle 106. The position of
air throttle 106 is varied to provide the desired flow by an
actuator (not shown) external to conduit 195. Fuel enters
conduit 101 as shown by arrow 102 and flows through
metering orifice 114 into mixing chamber 113. Needle plug
108 is attached to diaphragm plate 115 by linking rod 197.
Means for restraining linking rod 107 such that it moves
only in a vertical direction is not shown. Diaphragm plate
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115 is attached to flexible diaphragm 111 and spring 110 is
disposed between plate 115 and the top of chamber 113. As
the pressure of the air flowing into chamber 113 is varied by
means of air throttle 106, the position of diaphragm 111 is
changed by air pressure and spring 110. thus moving needle
plug 108 in a vertical direction so that the quantity of fuel
flowing through orifice 114 is varied. In this manner. the
previously established fuel/air mixture ratio is maintained by
adjusting only the position of air throttle 106. The fuel/air
ratio may be established by methods known to those skilled
in the art, such as providing a biasing screw to increase or
decrease tension of spring 110. adjusting the configuration
of needle plug 108. or adjusting the size of metering orifice
114. Other apparatus for mixing fuel and air is known to
those skilled in the art. For example, fuel flow and air flow
may be controlled in a manner similar to that shown in FIG.
2. The fuel/air mixture passes from mixture feed conduit 109
into combustion zone 23. Mixture weir 116 functions in the
same manner as mixing zone weir 8 of FIG. 1. Other
reference numbers of FIG. 3 are the same as those of FIG.

1 and the descriptions of FIG. 1 apply.

FIG. 4 depicts a modular arrangement in which three
steam generators 82, 83. and 84 are arranged to discharge
steam into a common steam chamber 81, which is defined by
steam conduit 80. A feed tube 8, feed conduit 4 and water
conduit 6 are shown for each steam generator. Feed pipes 69
provide feed material to feed conduits 4. Water pipes 71
provide water to water conduits 6. FIG. 3 illustrates a
different method of fabrication than that shown in FIG. 1. In
FIG. 3. pipes 69 and 71 are joined with the feed conduits and
water conduits at a right angle, whereas pipe bends are
shown in the steam generator of FIG. 1. Steam conduit 80
supplies steam to a point or points of use. Multiple
generators, or modules, feeding into a common steam cham-
ber may be used to improve turn-down ratio and speed of
response to changes in quantity of steam required by steam
users. Also, use of a modular system will allow a system
designer a significant amount of flexibility in specifying
physical size and configuration of a steam generator instal-
lation to match each application.

It is expected that a single steamn generator of this inven-
tion will operate efficiently at a reduced steam capacity of
about 25% of its maximum design capacity. though a single
generator should be capable of turn-down to about at least
10% of design capacity. The turndown ratio of a dry gas
mixer of the type shown in FIG. 3 is 100%. that is, it will
provide a fuel/air mixture of pre-set proportions at any flow
rate between 0 and 100% of its rated flow. Use of multiple
generators in one system will permit any desired turn-down
ratio to be obtained while maintaining efficient operation.
Steam usage changes may be accommodated by throttling
fuel, air. and water flows to a single generator of a modular
system in response to demand and, if demand increases to a
pre-determined value, such as 95% of design capacity of an
operating module. a second module is brought on line at the
same time that output of the first module is reduced in order
to maintain a constant output of steam. Alternatively. steam
output may be varied by operating multipie generators in an
on-off mode, where flows to each module are stopped and
started by two-position valves which are either fully open or
fully closed. In a variation of on-off control, modules may be
maintained in an idling condition rather than completely off.
During idling, relatively small flow rates of fuels and air are
maintained and, depending on the application, water may or
may not be provided to the combustion zone.

It is expected that an inventive steam generator will be
capable of responding rapidly to changes in steam demand.
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Water is supplied directly to the heat source; there is no need
to transfer heat through a metal barrier to the water. Flows
of fuel. air, and water can be increased and decreased as
rapidly as the response time of the control system permits.
In a modular system, maintaining generators in an idling
mode will eliminate the time required to light-off modules.
so that it is only necessary to increase flows to increase
steam output. Response time of a system may be improved
by use of several small generators instead of one large
generator, where the flow rates to the small generators are
adjusted simultaneously. Modules of different sizes may be
used in a multiple generator system fo facilitate operating at
varying capacities.

The dimensions of a steam generator are established by
reference to such parameters as required steam capacity.
type of fuel, and the manner in which oxygen is to be
supplied. Fuel, oxygen. and water flow rates are established
by reference to the design steam capacity. The inside diam-
eter of the feed tube. the cross-sectional area of the annular
feed space. and the cross-sectioned area of the annular water
space are then established using conventional methods. An
exemplary steam generator configured as shown in FIG. 1
which is fabricated of Schedule 40 pipe and fittings which is
designed to provide 220 pounds per hour of steam at about
45 psig will have a 2 inch water conduit. a 1%2 inch feed
conduit for air, and a % inch feed tube for fuel (these pipe

sizes are nominal, not actual, diameters). This example is
based on the fuel being propane gas which is supplied to the

inlet port at about 60 psig and aspiration of atmospheric air
by means of a venturi on the feed tube. The venturi will have
a throat diameter of about 0.10 inches. a diverging section
length of about % inch, and an overall length of about 212
inches. The length of the section of air conduit, measured
along the common axis of the three Schedule 40 pipe
sections. from the exit end of the venturi to the inlet end of
the mixing zone weir is expected to be about 1% inches.
Generally, this length will range from about 1 to about 3
times the inside diameter of the air conduit. It is desirable to
fabricate a prototype generator having a fuel feed tube
passing into the air feed tube through a packing gland which
permits movement of the fuel feed tube in an axial manner,
thus permitting the length of the mixing zone to be varied in
order to determine the minimum dimension required to
achieve adequate mixing of fuel and air. The diameter of the
outlet port of the mixing zone weir is about 4 inch.
Referring to both weirs, an angle of about 30 degrees is
formed by the intersection of the axial centerline and a line
representing an extension of the weir to the centerline. In the
exemplary generator. the axial length from the outlet end of
the mixing zone weir to the inlet end of the combustion zone
weir is about 2 inches. The diameter of the outlet port of the
combustion zone weir is about ¥%1s inch. The axial length
from the outlet end of the combustion zone weir to the outlet
end of a secondary weir as shown in FIG. 1 is about 1%
inches. The diameter of the secondary weir outlet port will
be about V% inch and its angle to the centerline will be about
45 degrees. A prototype generator may be fabricated such
that the length of the combustion zone may be varied, for
purposes of experimentation. Of course, in such a prototype.
a spark igniter configuration as shown in FIG. 1 cannot be
used. Generally, the axial length from mixing zone weir
outlet end to the outlet end of the combustion zone weir or,
if secondary weirs are used, to the outlet end of the second-
ary weir which is furthest downstream will range from about
2 to about S times the diameter of the water conduit.
Variations in fiow velocity and pressure in the generator will
substantially affect these lengths. For example, use of
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smaller diameter pipe will result in higher flow velocity and
require greater distances between weirs. Those skilled in the
art of fluid flow are capable of scaling up or scaling down the
dimensions of the exemplary generator for different capaci-
ties and pressures or of determining appropriate dimensions
without reference to the exemplary generator using well-
known flow versus pressure drop data and methods of
calculation.

Steam generators of this invention will be operated pri-
marily with gaseous fuels, such as propane. natural gas.
butane. and manufactured gas, but liquid fuels and coal
slurries may also be used. The method of providing fuel to
the generator depends on the application and the fuel which
is selected. For example. a pump may be used to provide
propane or liquid natural gas or the vapor pressure of the fuel
may provide sufficient driving force. Oxygen for combus-
tion will normally be supplied by atmospheric air. which
may be aspirated into the mixing zone by use of gas pressure
or provided by a blower. Air supplied by a blower may be
used to aspirate fuel into the mixing zone. thereby facilitat-
ing production of high pressure steam. Either the feed tube
or feed conduit may be used to supply fuel or oxygen. Of
course. fuel delivery pressure must be greater than the steam
pressure in order for fuel to flow into the generator. Com-
mercially available burners or flame tips may be used.

It is expected that the thermal efficiency of inventive
steam generators using gaseous fuel will be in the range of
from about 95 to about 97%. Efficiency of modern prior art
flash tube, or monotube, steam generation apparatus rarely
exceeds 85% and that of multi-tube boilers is usually below
50%. High thermal efficiency is expected because combus-
tion gases and excess air will be cooled to the temperature
of the steam produced by virtue of mixing with the steam.
Thus, flue gas heat losses are reduced. The invention does
not use submerged combustion, where a burner is sub-
merged in a reservoir of water and a flame is completely
surrounded by water. Instead. a controlled amount of water
is brought to a flame or combustion zone. Though the
combustion zone of FIG. 1 is shown with a definite bound-
ary and that boundary can be visualized as a flame envelope,
the combustion zone of a steam generator is not limited to
such a boundary. The flame may be non-coherent and
combustion may take place outside the boundary depicted.
such as in the space between the combustion zone weir and
the mixing zone weir and between the combustion zone weir
and the secondary weir. The combustion zone is defined as
the location where fuel is burned.

The design of the inventive steam generator is such that
emissions of nitrogen oxides. hydrocarbons, and carbon
monoxide are expected to be relatively low. Further. if the
application permits, operating conditions may be adjusted so
that such emissions will be virtually non-existent. Combus-
tion zone temperatures will be low and hot spots are not
expected to occur, thus minimizing formation of nitrogen
oxides. Carbon monoxide and hydrocarbon emissions will
be minimized because cold spots are not expected to occur
in the combustion zone and conditions in the generator will
favor the reaction of carbon monoxide and oxygen to form
carbon dioxide.

Nitrogen begins to combine with oxygen to form nitrogen
oxides at about 1040° F. The inventive process may be
controlled so that the maximum temperature at any location
in the combustion zone does not exceed about 1000° F. A
normal combustion zone operating temperature of about
800° F. is expected to provide steam at a pressure suitable for
most applications. including vehicle propulsion. Because
water is fed directly into the flame. it is not necessary to
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produce high temperatures to move heat across a barrier into
water. The response of combustion zone temperature to

changes in water flow is rapid. due to the lack of such
barrier, allowing precise control of combustion zone tem-
perature. The portions of the steam generator which would
be at the highest temperatures in the absence of water flow
are cooled by the incoming feed water. Water flowing into
the combustion zone from the annular water space cools the

outer surface of mixing zone weir 8 and the inner surface of

combustion zone weir 10 (FIG. 1). Referring to FIG. 3.
mixture weir 116 and combustion zone weir 10 are cooled by
incoming water before it is vaporized. Carbon monoxide
formation and incomplete combustion can be controlled by
precise control of fuel/air ratio. Combustion zone tempera-
ture also influences the quantity of CO which is formed. This
external combustion process can be controlled more pre-

cisely than internal combustion so that undesirable emis-
sions are minimal in comparison to those of an internal
combustion engine. Complete combustion of a pure fuel will
result in formation of water and carbon dioxide, with no
carbon monoxide or unburned carbon.

Conventicnal corrosion and scale control additives may
be used as required to control substances such as
magnesium, calcium, chlorides, iron, manganese, and sili-
con. Generally, additives will not be required in a closed
loop system. but may be needed in a once-through system in
which the steam is vented to atmosphere after use. Since the
water formed by combustion forms a part of the steam
produced by a generator, make-up water required in a closed
system of generator and users is reduced and. in a substan-
tially leak-free system, it may be necessary to bleed excess
water from the system. About 2 pounds of water is formed
from combustion of one pound of propane or natural gas.
Because of the relatively small size of the inventive
generators, it is feasible to construct them of non-corroding
metals, such as stainless steels. An advantage of the inven-
tive generators is that they may be easily fabricated using
standard pipe and fittings, including threaded fittings. Use of
threaded fittings will minimize welding.

A fuel-air mixture may be ignited by a device which
produces sparks by means of establishing a voltage differ-
ence between electrodes separated by a gap or by other
conventional methods. It may be desirable to operate a
sparking igniter continuously rather than actuating it inter-
mittently when needed to ignite the mixture. A conventional
flame sensing device (not shown in the drawings) must be
used to actuate means for stopping flow of fuel to a generator
when combustion ceases for any reason. Other safety
devices which may be required for a particular application.
such as steam pressure safety valves, are well-known.

In some applications. it may be desirable to recirculate
steam from the outlet of a generator (or steam chamber) to
the water inlet of the generator. Also, it may be desirable to
provide a water jacket on a portion of the exterior of a
generator to preheat feed water; feed water would pass
through the jacket before entering the water conduit. Place-
ment of screens or gratings at the outlet ends of the weirs
will promote mixing. In particular, a screen at the combus-
tion zone weir will break up any drops of water which might
be in the stream passing out of the combustion zone.
‘Whether a steam chamber for receiving steam from a
generator is used depends on the application, as does the size
of the steam chamber. The conduits of the invention need not
be circular in cross-section, but may have a square or other
cross-section geometry. Degrees F is denoted herein by “F.
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What is claimed 1s:
1. Apparatus for generation of steam comprised of:

a. a feed tube having a fluid entry port at a first end and
having a second end;

b. a feed conduit having a fluid entry port at a first end and
having a diameter greater than the diameter of said feed
tube, where said feed conduit is disposed concentrically
with the feed tube to form an annular feed space;

¢. a mixing zone weir having an inlet port and having an
inlet end attached to and communicating with a second
end of the feed conduit;

d. a mixing zone located within the feed conduit which
communicates with the feed tube at a second end of the
feed tube, with said annular feed space. and with said
mixing zone weir inlet port;

e. a water conduit having a water entry port at a first end
and having a diameter greater than the diameter of the
feed conduit., where said water conduit is disposed
concentrically with the feed conduit to form an annular
water space;

f. a combustion zone weir having an inlet end attached to
and communicating with a second end of the water
conduit;

g. a combustion zone which is comprised of space
between the mixing zone weir and said combustion
zone weir, where said combustion zone is in commu-
nication with said mixing zone;

h. a water distribution zone which communicates with
said annular water space and is bounded by the mixing

zone weir. the combustion zone weir, the water conduit,
and the combustion zone. such that water which flows

into said water distribution zone from said annular
water space flows into the combustion zone; and

i. ignition means for establishing combustion in the com-

bustion zone.

2. The apparatus of claim 1 further including a steamn
chamber in communication with the combustion zone.

3. The apparatus of claim 1 further including means for
separating incondensable gases from steam which is pro-
duced.

4. The apparatus of claim 1 further including means for
separating liquid water from steam which is produced.

5. The apparatus of claim 1 further including means for
mixing a fluid flowing out of the second end of the feed tube
with a fluid flowing out of the second end of the feed
conduit.

6. The apparatus of claim 5 where said mixing means is

a venfuri.
7. The apparatus of claim 1 further including a venturi

which communicates with the feed tube, said venturi having
an inlet end attached to the second end of the feed tube.

8. The apparatus of claim 1 further including a secondary
weir housing and one or more secondary weirs. where both
the secondary weir housing and the secondary weirs are
disposed concentrically with the combustion zone weir and
downstream of the combustion zone weir.

9. The apparatus of claim 1 further including means to
prevent backflow of fluids in the feed tube, feed conduit. and

water conduit.
10. Apparatus for generation of steam comprised of:

a. a mixture feed conduit having a fluid entry port at a first
end;

b. a mixture weir having an inlet end attached to and
communicating with a second end of said mixture feed
conduit;
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c. a water feed conduit having a water entry port at a first
end and having a diameter greater than the diameter of
the mixture feed conduit, where said water conduit is
disposed concentrically with the mixture feed conduit
to form an annular water space;

d. a combustion zone weir having an inlet end attached to
and communicating with a second end of the water
conduit;

e. a combustion zone which is comprised of space
between the mixture weir and said combustion zone
weir. where said combustion zone is in communication

with said mixture feed conduit;

f. a water distribution zone which communicates with said
annular water space and is bounded by the mixture
weir. the combustion zone weir, the water conduit. and
the combustion zone. such that water which flows into
said water distribution zone from said annular water
space flows into the combustion zone; and

g. ignition means for establishing combustion in the

combustion zone.

11. The apparatus of claim 10 further including means for
mixing fuel and air which is supplied to the mixture feed
conduit.

12. The apparatus of claim 10 further including a dry gas
mixer comprised of a mixing chamber for mixing of air and
fuel, means for varying rate of flow of air into said mixing
chamber, and means for varying rate of flow of fuel into the
mixing chamber in such manner as to maintain a previously
established ratio between air flow and fuel flow.

13. The apparatus of claim 10 further including a steam
chamber in communication with the combustion zone.

14. The apparatus of claim 10 further including means for
separating incondensable gases from steam which 1s pro-
duced.
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15. The apparatus of claim 10 further including means for
separating liquid water from steam which is produced.

16. The apparatus of claim 10 further including a second-
ary weir housing and one or more secondary weirs, where
both the secondary weir housing and the secondary weirs are
disposed concentrically with the combustion zone weir and
downstream of the combustion zone weir.

17. The apparatus of claim 10 further including means to
prevent backfiow of fluids in said feed conduits.

18. A method of generating steam comprising:

a. mixing fuel and oxygen in a mixing zone to form a
mixture and flowing said mixture into a combustion
Zone;

b. combusting the mixture in said combustion zone to
form a heat source;

C. flowing water into the combustion zone and limiting
water flow rate to a value less than that which will
quench combustion of the mixture;

d. controlling the quantity of mixture flowing into the
combustion zone at a value which is required to pro-
duce at least sufficient heat to vaporize substantially all
water flowing into the combustion zone; and

e. configuring the combustion zone so that substantially
all water flowing into it is exposed to said heat source
for a time sufficient for vaporization of the water to take
place.

19. The method of claim 18 where the temperature at any

location in the combustion zone is maintained at about 1000

°F. or less.

20. The method of claim 18 where the ratio of fuel to
oxygen in said mixture is maintained at a value sufficient to
provide substantially complete combustion of the fuel to
water and carbon dioxide.
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